Cavitation impact induced by a cavitating jet can be utilized to improve fatigue strength in the same way as shot peening. The peening method using cavitation impact is known as "cavitation shotless peening", as shot are not required. For practical purposes, enhancement of the cavitation impact is required in order to get a better peening effect and to shorten the processing time. In the present paper, intensification of the cavitation impact was successfully realized by injecting a low-speed water jet around a cavitating jet in water, and an improvement in the fatigue strength of stainless steel was demonstrated by subjecting treated materials to a fatigue test. The fatigue strength of stainless steel was improved by about 28 % by cavitation shotless peening compared with a non-peened specimen. In order to clarify the mechanism for surface enhancement by cavitation shotless peening, the residual stress on the surface was measured using an X-ray diffraction method. It was shown that cavitation shotless peening using a cavitating jet with an associated low-speed water jet in water introduced compressive residual stress on the surface of the steel. Interestingly, it was also found that the full width at half maximum of the X-ray diffraction profile from the surface decreased, even though compressive residual stress of about 500 MPa had been introduced by the cavitation shotless peening.
Introduction
Cavitation sometimes causes severe damage in hydraulic machinery, as severe impact is produced as cavitation bubbles collapse. However, cavitation impact can also be utilized to improve the surface in the same way as shot peening. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] As shot are not required, the peening method using cavitation impact is called "cavitation shotless peening" [11] [12] [13] [14] [15] [16] [17] [18] [19] or simply "cavitation peening". 20) One of the major advantages of cavitation shotless peening is that the peened surface is very smooth compared with a shot peened one, as there are no collisions between solid materials. Cavitation shotless peening can introduce compressive residual stress to mitigate stress corrosion cracking or to eliminate fretting fatigue, 8, 12, 14) and enhance the fatigue strength of metallic materials. 11, 13, [15] [16] [17] [18] [19] In order to develop cavitation shotless peening for practical applications, it is very important to enhance the cavitation impact to achieve better results and shorten the processing time.
In the case of conventional cavitation shotless peening, the cavitation bubbles are produced by injecting a highspeed water jet into a water filled chamber, where the cavitation bubbles form in the shear layer around the jet. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] A high-speed water jet with cavitation bubbles is called a cavitating jet. However, in this paper, since the jet is introduced into a water filled chamber, we call this "a cavitating jet in water".
In order to treat the surface of metallic materials, Soyama successfully realized "a cavitating jet in air" by injecting a high-speed water jet into a low-speed water jet directly injected into air. 21) It was shown that the optimized cavitating jet in air had better performance than a cavitating jet in water and even a water jet in air. 21, 22) However, gears cannot be treated by a cavitating jet in air, as the tops of the gear teeth break the water shield of a low-speed water jet and the cavitating jet becomes a simple air injected water jet. In the case of a cavitating jet in air, the residual bubbles are swept away after the cavitation bubbles collapse. This is one of reasons why the cavitating jet in air is highly aggressive, as the cushion effect from the residual bubbles is absent. The cushion effect causes the cavitation impact to decrease when air bubbles are injected into the cavitating region, since the shock wave at cavitation is weakened due to the slow rebound of the cavitation bubbles. Thus, it might be possible to enhance the cavitation impact of a cavitating jet in water, by injecting a low-speed water jet around the cavitating jet to eliminate the residual bubbles which give rise to the cushion effect.
In this paper, in order to demonstrate the improved performance of a cavitating jet in water by injecting an associated water jet, stainless steel specimens were treated by the jet and tested using a plate bending fatigue test. The resid-ual stress of the specimens was also measured using an Xray diffraction method to examine the reasons for the improvement in fatigue strength.
Experimental Apparatus and Procedures
Figures 1 and 2 illustrate the cavitating jet apparatus and the nozzle geometry for cavitation shotless peening using a cavitating jet with an associated low-speed water jet in water. As shown in the Fig. 1 , the high-speed water jet is pressurized by a plunger pump and is injected into the lowspeed water jet, which is injected into a water filled chamber. The low-speed water jet is pressurized by a turbine pump. The residual bubbles rise to the surface and expire, while the test water is recirculated from tank A to tank B. The injection pressures of the high-and low-speed water jets are measured by pressure transducers. The nozzle throat diameter of the high-speed water jet d H is 1 mm and that of the low-speed water jet d L is 50 mm. The standoff distance is defined as the distance from the nozzle outlet to the specimen. With the injection pressure of the high-speed water jet kept constant, the performance of this equipment varies with the injection pressure of the low-speed water jet and the standoff distance. 23) In the experiments carried out for this work, the injection pressure of the high-speed water jet p H was set to 30 MPa. Referring previous work 23) in which we did erosion tests using a pure aluminum specimen, the injection pressure of the low-speed water jet p L was set to 0.04 MPa, the distance between the high-and low-speed jets s H Ϫs L was set to 30 mm, and the standoff distance from the low-speed water jet nozzle s L was 30 mm. In the present experiment, it is assumed that the greater the mass loss the higher the jet's performance. Tap water was used in the cavitating jet loop. In order to investigate the improvement in fatigue strength achieved, stainless steel Japan Industrial Standard JIS SUS316L was chosen as the test material. The surfaces of specimens were finished by grinding and the shapes formed by milling. Figure 3 shows the shape of the specimens used in the plate bending fatigue test. In this test, the load is applied by displacement control and the stress ratio, R, was Ϫ1. To treat the surface, the test nozzle was scanned across the specimen in the width direction. The surface roughness was then measured using a roughness meter.
The residual stress s R of the specimen in the longitudinal direction was measured using an X-ray diffraction method employing an X-ray tube with a Cr target operated at 30 kV and 8 mA. X-rays from the Kb peak were used. The angle of the solar slit was 1 degree and the slit width was 4 mm. The diffractive angle, 2q, was varied from 142.6 to 154.4 degree specimen in steps of 0.2 degree and the sample was exposed to X-rays for 8 s in each step. A scintillation counter was used as a detector and placed at angles of yϭ0, 22.8, 33.2, 42.1, 50.7 degree, where y is the angle between the normal to the specimen surface and the normal to the diffractive face. The diffractive plane was the (311) plane of g-Fe, the diffractive angle 2q without strain was 148.5 degree and the stress factor for this method was Ϫ368.9 MPa/deg. The diffractive angle was determined by a half value width method and the residual stress was calculated by a sin 2 y method, i.e., the gradient of the line from the five points on the 2q-sin 2 y diagram using a least squares method. Figure 4 shows a typical erosion pattern on an aluminum specimen induced by the cavitating jet with the associated water jet in water. As mentioned above, the test conditions were as follows; p H ϭ30 MPa, p L ϭ0.04 MPa, s H ϭ60 mm, s L ϭ30 mm. The center of the specimen has been eroded by the impact of droplets in the jet center. The main erosion is a typical ring erosion pattern induced by the cavitating jet. The outer and inner diameters of the ring are about 22 mm and 7 mm, respectively. Even though d H was only 1 mm, a wide area was treated by the jet. The cavitation cloud around the jet hits the surface, spreads out across the surface and then collapses. Since the impact is produced as the bubbles collapse, a circular erosion pattern is formed. The exposure time of the specimen to the jet was 10 min and the mass loss was 249.9 mg, thus the rate of erosion was about 25 mg/min. The rate of erosion achieved with a cavitating jet without an associated water jet in water was 5.0 mg/min and that of a cavitating jet in air was 18.5 mg/min 22) ; thus, the rate of erosion induced by the cavitating jet with an associated water jet in water was greater than both these others, demonstrating that this is the most powerful of the jets studied so far. Figure 5 illustrates the residual stress of stainless steel as a function of processing time per unit length. The cavitating jet conditions were the same as in Fig. 4 ; p H ϭ30 MPa, p L ϭ0.04 MPa, s H ϭ60 mm, s L ϭ30 mm. The residual stress before peening by the jet was 160Ϯ50 MPa in tension. It became 190Ϯ20 MPa in compression at 1 s/mm then saturated at about 500 MPa after 8 s/mm. As in the case of a cavitating jet without an associated water jet, the compressive residual stress introduced saturated at 20 s/mm, 23) showing that the proposed cavitating jet with an associated water jet is a more powerful tool for introducing compressive residual stress. Figure 6 shows the full width at half maximum, FWHM, of the X-ray diffraction profiles also measured as a function of processing time per unit length. The FWHM in Fig. 6 was obtained with yϭ0 degree for each processing time. Although compressive residual stress was introduced by the jet, the FWHM suddenly decreases at 1 s/mm and saturates. Overall, the FWHM decreases by about 15 %. When tool alloy steel was treated by a cavitating jet, the FWHM also decreased. 21) It was revealed by a fundamental parameter approach that micro strain in tool alloy steel, which is closely related to the FWHM, was released by peening with a cavitating jet. 24) As ultrasound can move dislocations which might be a source of micro strain, 25) and ultrasound is produced as cavitation bubbles collapse, the decrease of FWHM in Fig. 6 can be explained by micro strain introduced by grinding being released by cavitation impact. Figure 7 illustrates the surface roughness as a function of processing time per unit length. The stylus of a roughness meter was scanned across the specimen surface parallel to the grinding line. Even though the surface peened by the cavitating jet is very smooth compared with a shot peened surface, the roughness increases slightly with processing time. Although increasing the processing time would improve the fatigue strength because of the introduction of compressive residual stress, this would also increases the roughness, which might have a detrimental affect on the fatigue strength.
Results
In order to determine the optimum processing time for improving the fatigue strength, the number of cycles to failure for a constant applied load was plotted and this is shown in Fig. 8 . Here, the applied bending stress was set to 430 MPa. As the bending stress applied using the fatigue test machine was done by controlling the displacement, the actual bending stress in each case differed slightly from 430 MPa. As expected, this difference had a big effect on the number of cycles to failure, so the number of cycles at 430 MPa was calibrated by the S-N line of non-peened results. The calibrated results of non-peened (t p ϭ0 s/mm) and peened specimen at 430 MPa are shown in Table 1 with the actual applied stress and the number of cycles to failure. In Fig. 8 , the numbers of cycles to failure measured in the test are shown by asterisks and the calibrated numbers of cycles are shown by closed circle. The number of cycles to failure increases with processing time until t p ϭ10 s/mm and then saturates at about 20 s/mm. Thus, the optimum processing time per unit length for the present conditions was determined to be t p ϭ20 s/mm. Figure 9 shows a surface peened under the following conditions: Figure 9(a) shows an overview at the center of the fatigue test specimen and Fig. 9(b) shows a magnified view. A width of more than 20 mm was peened by the jet, and many pits are revealed in the region. In Fig.  9(b) , although several pits can be observed, the grinding lines also remain. Thus, the pits induced by the jet under these conditions were plastic deformation pits without mass loss. Although the size of the pits in Fig. 9 (a) appear to be several hundred mm in diameter, in Fig. 9(b) the diameter is shown to be several dozen mm. As the pressure distribution of cavitation impact is very high over a limited center region and low over a wide area, 26) the pits are shallow in the wider region and deeper at the center. That is, the cavitation impact induced by the jet under the present conditions can plastically deform the stainless steel without damage. Figure 10 reveals the relationship between the number of cycles to failure and the amplitude of the bending stress in the plate bending fatigue test. As shown in Fig. 8 , the number of cycles to failure increases by three or four times at 430 MPa when the cavitating jet with the associated water jet in water was used for peening with the present conditions. Regarding the observation of fracture surface, the crack initiated from the surface, as the crack initiations from the boundary layer between the surface modification layer and non-affected base metal and/or from the plastic deformation pit induced by the cavitation impact were not observed. Using Little's method, 27) the fatigue strength at 10 7 cycles of a non-peened specimen is 315 MPa and that of a peened specimen is 402 MPa. This shows that the cavitating jet can improve the fatigue strength of stainless steel by 87 MPa, which is an increase of 28 %. When the stainless steel was peened using the cavitating jet, the Vickers hardness was increased and the Young's modulus decreased. 28) As expected, the increase in the Vickers hardness was due in part to the compressive residual stress. Although the Vickers hardness was corrected by taking the residual stress into account, it still showed an increase. 28) As the Vickers hardness is closely related to the yield stress, the yield stress of the peened surface might be increased by peening using a cavitating jet. This is one of the reasons why fatigue strength is improved by peening using a cavitating jet. The other reason would be a decrease in Young's modulus. As the Young's modulus of the peened surface decreases, the actual applied stress on the surface decreases. This would correspond to the decrease in FWHM shown in Fig. 6 . In one of our previous reports, we found that peening using a cavitating jet can extend the duration for the initiation of fatigue cracks and suppress crack propagation in the short crack stage. 29) As mentioned above, the decrease in FWHM might correspond to the de- Table 1 . Calibrated number of cycles to failure of non-peened (t p ϭ0 s/mm) and peened specimen at 430 MPa. crease in micro strain which would be a source of fatigue cracks. Thus, the cavitating jet might release the source of crack initiation. The suppression of crack propagation depends on the introduction of compressive residual stress by peening.
In another previous report, the fatigue strength of a nonpeened JIS SUS316L stainless steel specimen was 279 MPa and that of a specimen peened by a cavitating jet without an associated water jet was 327 MPa, an improvement of 17 %. 22) As the improvement made in the experiment in the present work was 28 %, we can say that the cavitating jet with the associated water jet enhances both the cavitation intensity and the peening intensity.
Conclusions
In order to demonstrate the enhanced performance of a cavitating jet in water by injecting an associated water jet around it, a specimen made of stainless steel JIS SUS316L was treated by the jet and examined using a plate bending fatigue test. The stainless steel surface was evaluated by an X-ray diffraction method to measure the residual stress. An erosion test using a pure aluminum specimen was also carried out to reveal the capability of cavitating jets with and without an associated water jet. The main results can be summarized as follows:
(1) The cavitating jet in water was enhanced by injecting an associated water jet around it. Regarding the erosion test, the rate of erosion for the jet with the associated water jet increased by about 5 times compared to that without it.
(2) The cavitating jet with the associated water jet in water improved the fatigue strength of stainless steel by about 28 %. The improvement made with a cavitating jet with an associated water jet was greater than that of a jet without it.
(3) Although the cavitating jet with the associated water jet introduced compressive residual stress, the full width at half maximum decreased. A possible reason for this is the release by the cavitating jet of micro strain introduced by grinding.
